ABSTRACT -In Brazil, although the coffee plantations are predominantly grown under full sunlight, the use of agroforestry systems can lead to socioeconomic advantages, thus providing a favorable environment to the crop by promoting its sustainability as well as environmental preservation. However, there is a lack of information on physiological quality of the coffee seeds produced under different levels of solar radiation. Within this context, the objective of this study was to evaluate the influence of different levels of solar radiation and maturation stages on the physiological quality of coffee (Coffea arabica L.) seeds, cv. Acaiá Cerrado MG-1474. Three levels of solar radiation (plants grown under full sunlight; under plastic screens of 35% shading; and under plastic screens of 50% shading) and three maturation stages (cherry, greenish-yellow and green) were assessed. Physiological quality of seeds was assessed by using germination test, first count of germination, abnormal seedlings, dead seeds, and seedlings with open cotyledonary leaves. Electrophoretic analysis of isoenzymes catalase, esterase, superoxide dismutase and peroxidase was also performed. With the evolution of development the coffee seeds presents increases on physiological quality, and at its beginning the seeds show improvements on quality with the reduction of solar radiation.
Introduction
The species Coffea arabica L. (Rubiaceae) is native from Ethiopia, where it permanently grows under protection of shading trees. Its adaptation to shaded conditions favors its cultivation in agroforestry systems, a practice widely used in the majority of Latin-American producing countries (DaMatta, 2004; Morais et al., 2004) . In Brazil, with wider and more suitable areas for coffee cultivation, the cultivars were genetically improved for high productivity under full sunlight (DaMatta, 2004; Kanten and Vaast, 2006; Gomes et al., 2008) . Although in Brazil coffee cultivation is done under full sunlight, the use of agroforestry systems can lead to socioeconomic advantages mainly for the small and median rural producers. Several factors may be cited as examples of these advantages: significant reductions on production costs; exploitation of other commercial products (fruits, crude latex, hardwood, and firewood, among others) within the same cultivation area; independence of external nutrient inputs, due to higher recycling of nutrients from decomposing of leaves and branches from trees; besides allowing that the coffee beans produced are of differentiated quality, thus widening new market and price options (DaMatta, 2004) .
When installed at the proper time, i.e., at beginning of rainy season, the coffee plantation can have its development anticipated, besides having its percentage of replanting reduced, since the period in which the new seedling remains under favorable climatic conditions will be longer. The coffee seeds, however, present slow germination, increasing considerably the seedling growth period in addition to lowering its longevity (Guimarães et al., 2002; Pereira et al., 2002; Rosa et al., 2006; Macedo and Lopes, 2008; Sofiatti et al., 2008) , conditions that prevent coffee seedling full formation within suitable period and under favorable climatic conditions for establishment of new coffee plantations.
There is not available information, however, on the influence of solar radiation levels on physiological quality of coffee seeds. It is known that shaded coffee plants produce beans of higher quality, once the shading favors a more adequate filling and a slow ripening for the beans, besides providing changes on chemical composition of these beans .
For production of coffee commercial seeds, the harvest at maturation cherry stage is recommended (Mendes et al., 2002) . Coffee seeds, however, normally reach their maximum germination capacity when the fruits are at the greenish-yellow or cherry stages; and it has been suggested that fully mature seeds of species sensitive to desiccation may not present maximum vigor due to a probable initiation of the germination process at the end of maturation.
According to Marcos-Filho (2005) the seed deterioration is a process induced by a series of physiological, biochemical, physical, and cytological changes, which initiates starting from the physiological maturation and occur in a progressive manner leading to reduction of their quality. The main changes related to the deterioration process are degradation and inactivation of enzymes (Copeland and McDonald, 2001) . In their majority, the isoenzymes are responsible for the anti-oxidation and remotion actions of free radicals. The enzymatic systems, processors of free radicals, include superoxide dismutase, which catalyses the change of the superoxide (O 2 -) into H 2 O 2 and O 2 and the enzymes involved on the deoxidization of H 2 O 2 , such as catalase, glutathione reductase, and ascorbate, among other peroxidases (Guimarães et al., 2002) . The activity of these enzymes, which are known as removers of free radicals, or "scavengers" enzymes, is frequently associated to degree of tolerance to desiccation and seed deterioration.
In a study of tolerance to desiccation in seeds of Coffea arabica, harvested at different developmental stages, Brandão-Júnior et al. (2002a) have found that the enzymes catalase and peroxidase have had their activity increased when the seeds were dried. The authors have concluded that these enzymes are probably involved in the mechanism of tolerance to desiccation in seeds of this species. In another study, Brandão-Júnior et al. (2002b) have found that a higher activity of the scavengers enzymes generally occurs in seeds harvested at the cherry stage followed by stages greenish-yellow and green, suggesting that enzymatic activity is linked to development stages of coffee seeds.
In face of interest in determining the correlation between physiological maturity and shading on physiological quality of coffee seeds, the objective of this research work was to verify the influence of different levels of solar radiation and maturation stages on physiological quality of coffee seeds.
Material and Methods
The experiment was carried out in the Coffee Cropping Sector and Central Laboratory of Seeds, Federal University of Lavras, State of Minas Gerais, Southeastern Brazil, using coffee plants of the Arabica species, cv. Acaiá Cerrado MG-1474, planted in 1998 with plant spacing within row of 0.5 m x 3.5 m between the rows. In 2007, the coffee plantation went through drastic pruning, in a low level of the trunk, for canopy renovation. In 2009, the coffee plants were subjected to three different levels of solar radiation (full sunlight, shading through 35% and 50% shading screens). The plots were composed of eight plants in full production. After 14 months of installation of the new system of coffee plantation conduction, the fruits were harvested; the seeds were extracted and manually freed from the external mucilage; and were then dried at room temperature until reaching 13% moisture content. For assessment of physiological quality, seeds were subjected to the following tests:
Germination: four subsamples of 50 seeds each (with manual removal of parchment) per plot were used for this test. The seeds of each subsample were then evenly arranged on top of two sheets of paper towels, covered with another sheet of the same paper, moistened with sterile distilled water, in a proportion equivalent to 2.5 times the mass of dry substrate, made into rolls and subsequently placed into a seed germinator at temperatures from 20 ºC to 30 ºC. The counting was performed 30 days after test installation, according to Rules for Seed Analysis (Brasil, 2009) , considering normal the apparently healthy seedlings with radicle and hypocotyl larger than 2 cm. Results were expressed in percentage.
First count of germination: was determined jointly with the germination test and has consisted in the counting of the normal seedlings at the 15 th day after test beginning. Results were expressed in percentage of normal seedlings, which was computed by using the mean of the four results obtained for subsamples.
Abnormal seedlings: was determined jointly with the germination test and has consisted in the counting of abnormal seedlings that have not presented the pattern previously described; performed 30 days after test beginning. Results were expressed in percentage of abnormal seedling.
Dead seeds: determined jointly with the germination tests, this test has consisted in the counting of the dead seeds, which was carried out 30 days after beginning the test and had results expressed in percentage. According to Rules for Seed Analysis (Brasil, 2009) were considered dead seeds those whose: germination did not occur; were not either hard or dormant; were generally flabby and/or infected with microorganisms; and have not presented any signal of germination.
Seedlings with opened cotyledonary leaves: determined jointly with the germination test, it has consisted in the counting of seedlings that have had fully opened their cotyledonary leaves 45 days after test beginning. For this assessment, only two maturation stages (cherry and greenish-yellow) were considered and results were expressed in percentage.
Electrophoretic analysis of isoenzymes: these analyses were performed for the enzymes catalase (CAT), esterase (EST), superoxide dismutase (SOD), and peroxidase (PO). Electrophoresis were performed using polyacrylamide gels (7% separator gel; 4.5% concentrator gel), with Tris-glycin gel/electrode buffer system, pH 8.9. Entire seeds, which were then macerated, were used for extraction of isoenzymes. For the quantity of 100 mg of seed dust were added 250 mL of 0.2 M Tri-HCL extraction buffer (0.2% ß-mercaptoethanol; 0.4% PEG; 1 mM EDTA), except for the peroxidase enzyme that was extracted in potassium phosphate buffer (0.1 M; pH 7.8; 0.2% ß-mercaptoethanol). The homogenized was incubated in ice for 1 h and centrifuged at 16,000 rpm, at 4 ºC, for 60 min. and immediately after, 40 µL of the supernatant was deposited in each groove of the gel. Staining procedures for the enzymatic systems already cited were performed according to methodology described by Alfenas et al. (1991) .
A randomized block experimental design, with the treatments arranged in a 3 x 3 factorial scheme [three levels of solar radiation (full sunlight, and shading with 35% and 50% shading screens) x three stages of maturation (green, greenish-yellow, and cherry)] was used. ANOVA of data was performed and the Tukey test was applied to compare means, at 5% probability, using the "SISVAR" computational program (Ferreira, 2003) .
Results and Discussion
Through results of ANOVA it was possible to verify that have occurred significant interaction between solar radiation levels and maturation stages in the variables: radicle protrusion; normal seedlings; and dead seeds. Results for abnormal growth of seedlings and for seedlings with open cotyledonary leaves at 45 days, however, showed significant effects only for seed maturation stages ( Tables  1, 2 , 3, 4 and 5).
Data shown on Table 1 allow verifying that the cherry maturation stage has provided coffee seeds with the best quality, independently of solar radiation conditions. Seeds harvested at the greenish-yellow maturation stage besides presenting intermediary vigor between those seeds harvested at green and cherry stages have also not suffered influence of solar radiation (Table 1) . These results are similar to those found by Veiga et al. (2007) and Rosa et al. (2011) who in studies with coffee seeds, have also verified higher values for germination and vigor of seeds harvested at the cherry stage than the values observed for seeds harvested at the greenish-yellow stage. Guimarães et al. (2002) have also found that vigor of coffee seeds perceptibly increases between the green and greenishyellow maturation stages, as detected in this study. radiation levels on the physiological quality of seeds harvested at the cherry maturation stage. Oppositely, when seeds harvested at the initial stages of development (green and greenish-yellow) were assessed at the 30 th day, it was possible to observe that the shading has provided increase in the number of normal seedlings (Table 2 ). This fact, as observed by Ricci et al. (2006) , may have occurred due to the lower production of beans per plant verified in the treatments carried out under shading, which can cause possible changes of photosynthates accumulation and consequently of weight and chemical composition of seeds. The seeds harvested at green maturation stage have presented the worst physiological quality when compared to seeds harvested in the remaining stages. It was observed, however, that quality of these seeds was favored by shading, presenting better vigor when under 35% and 50% protection of solar radiation (Table 1 ). According to DaMatta (2004) , reduction on productivity and higher "investment" of plants in their vegetative growth occur on shaded coffee plantations. As consequence of small number of beans per plant, these receive higher amounts of photosynthates, which allow for increases on their weight and can also influence chemical composition and vigor when produced under shading. Muschler, (2001) and Ricci et al. (2006) verified that shading has increased the size of coffee beans what was also reflected on their physical aspect, thus improving their sieve classification.
When percentage of normal seedling was assessed at the 30 th day after sowing, it was verified a behavior similar to those observed in radicle protrusion for seeds assessed at 15 th day after test beginning. The seeds harvested at cherry maturation stage have provided higher percentage of normal seedlings when assessed at 30 th day than the seeds harvested at the remaining maturation stages. It was also observed that, as in the radicle protrusion, it has not occurred effect of solar Means followed by the same small letter in the line and capital letter in the columns are not statistically different by Tukey's test at 5% probability.
On evaluating abnormal seedling, it was verified that there was not significant effect of different solar radiation conditions and that this occurred only for seed maturation stages (Table 3) . It was also observed that the cherry maturation stage has provided for seeds the capacity of producing lower number of abnormal coffee seedlings, hence confirming the higher quality of these seeds. Oppositely, the green and greenish-yellow maturation stages have provided for seeds the capacity of producing high percentages of abnormal seedlings what was probably a consequence of their physiological immaturity in these maturation stages. Concerning percentage of dead seeds at the end of the germination test, it was observed lower values for seeds harvested at the cherry maturation stage, followed by the greenish-yellow maturation stage (Table 4) . In this assessment, seeds harvested within these stages were not influenced by the different solar radiation conditions, but the shading at the initial developmental stage (green) has promoted reduction on the number of dead seeds when compared with seeds produced under full sunlight (Table 4) . physiological quality (Tables 1 to 5 ). These seeds were also assessed in relation to electrophoretic profi le of isoenzymes and results obtained this manner indicate a benefi cial effect of 35% shading on their quality ( Figures  1 to 4) . In the results obtained on assessing the effects of shading levels on physiological seed quality, a trend was also observed; although no signifi cant differences for such effects have been detected. In a study on tolerance to desiccation of coffee seeds harvested at different maturation stages Brandão-Junior et al. (2002a) have also stated that seeds of this species have presented increase on levels of tolerance to desiccation with the advance of their development, indicating higher quality of these seeds at the fi nal maturation stage (cherry).
Stage of maturation Abnormal seedling (%) Cherry 3 b
(1)
Greenish-yellow 29 a Green 28 a (1) Means followed by the same letter in the column are not statistically different by Tukey's test at 5% probability. Means followed by the same small letter in the line and capital letter in the columns are not statistically different by Tukey's test at 5% probability.
For the variable percentage of seedlings with fully opened cotyledonary leaves at 45 days after beginning of germination test, there was signifi cant effect only for maturation stages; and the stage of cherry has allowed the best physiological performance for seeds, with the highest percentage of seedlings with opened cotyledonary leaves at 45 days (Table 5) . 
Greenish-yellow 37 b
Means followed by the same letter in the column are not statistically different by Tukey's test at 5% probability.
Results herein achieved in assessing physiological quality of coffee seeds indicate that, under conditions in which this experiment was conducted, the seeds harvested at cherry maturation stage have presented the maximum The catalase enzyme constitutes an effi cient deoxygenating mechanism, acting on removal of free radicals (McDonald, 1999) . Within this study, variation on the activity of the catalase enzyme was detected in the seeds harvested in different developmental stages and produced under different levels of solar radiation. It was possible to observe higher activity of the catalase enzyme in the seeds produced at 35% shading than in the seeds produced in the remaining treatments of solar radiation. The activity of the catalase enzyme increases under shading and with the advance of the seed maturation stage; and in this study, for seeds harvested in the cherry maturation stages, this enzyme has presented higher activity. For seeds produced under full sunlight, however, this result was inverted, and the seed harvested at the green maturation stage were the ones presenting higher activity of catalase enzyme (Figure 1) .
The superoxide dismutase enzyme is among the most important enzymes of defense system when linked to pathways of events needed to the full elimination of free radicals or reactive forms of oxygen (Alscher et al., 2002) . The most intense activity of such enzyme was required during early or late phases of seeds maturation process; what is an indication of its defense action, with consequent reduction on free radicals formation. This might have occurred in function of deterioration process or physiological immaturity of seeds. Activity of the superoxide dismutase enzyme was lower in seeds produced under shading of 50% and higher in those produced under shading of 35%. The lowest activity of such enzyme was observed in green seeds, in all levels of solar radiation during production process. These seeds, however, also presented the worst physiological performance, i.e., highest deterioration; so a higher activity of this antioxidant enzyme would be then the expected. However, after an extensive literature review and in a study on the events causing seed deterioration, Walters (1998) and McDonald (1999) have found many references on the enzymatic activity of superoxide dismutase enzyme either for reduction or increase of its activity with the seed deterioration process.
The esterase enzyme is also important in characterizing seed deterioration (Nakada et al., 2010) . According to Walters (1998) and McDonald (1999) the lowest activity of such enzyme is related to events of seed deterioration. In this study, large differences in the electrophoresis analysis of the esterase isoenzymes among seeds produced under the different levels of solar radiation were not observed. The lowest activity was observed in seeds produced under shading of 50%, independent of maturation stages. In relation to developmental stages of seeds, it was verified that seeds harvested in the green maturation stage have presented lower activity of this isoenzymes when compared with seeds harvested in the greenish-yellow or cherry maturation stages; what can be correlated with data on physiological quality (Figure 3) . Brandão-Junior et al. (1999) The activity of the peroxidase enzyme was the lowest in the seeds harvested at cherry maturation stage and produced under full sunlight (Figure 4) . Brandão-Júnior et al. (2002a) also have verified lower activity of such enzyme in coffee seeds at the cherry maturation stage. Lower variation on the activity of this enzyme was verified when seeds were produced under shading of 50%, independent of maturation stage (Figure 4) . The presence of toxic products removal enzymes (scavengers enzymes) as the peroxidase, allows neutralizing the action of free radicals in the membrane degradation processes, due to the need of more intense activity of enzymes of the antioxidant complex (Marcos-Filho, 2005) . In a general way, coffee seeds harvested at the cherry maturation stage have presented higher physiological quality and were not influenced by the different levels of solar radiation; while the seeds harvested at the green maturation stage have presented the best results when produced under shadings of 35% and 50%. The levels of solar radiation influenced deterioration degree of coffee seeds through changes in the activity of catalase, esterase, superoxide dismutase, and peroxidase enzymes.
Conclusions
Coffee seeds have increased physiological quality with the evolution of its development and at the beginning of its development have improved quality with the reduction of solar radiation.
